␤-Adrenergic receptor stimulation increases heart rate and shortens ventricular action-potential duration, the latter effect due in part to a cAMP-dependent increase in the slow outward potassium current (I Ks). Mutations in either KCNQ1 or KCNE1, the IKs subunits, are associated with variants (LQT-1 and LQT-5) of the congenital long QT syndrome. We now show that cAMP-mediated functional regulation of KCNQ1͞KCNE1 channels, a consequence of cAMPdependent protein kinase A phosphorylation of the KCNQ1 N terminus, requires coexpression of KCNQ1 with KCNE1, its auxiliary subunit. Further, at least two KCNE1 mutations linked to LQT-5 (D76N and W87R) cause functional disruption of cAMP-mediated KCNQ1͞KCNE1-channel regulation despite the response of the substrate protein (KCNQ1) to protein kinase A phosphorylation. Transduction of protein phosphorylation into physiologically necessary channel function represents a previously uncharacterized role for the KCNE1 auxiliary subunit, which can be disrupted in LQT-5. C ontrol of the rate and force of contraction of the heart by the autonomic nervous system, which consists of the sympathetic and parasympathetic divisions, is a fundamental property of the cardiovascular system. Stimulation of the sympathetic nervous system (SNS) in response to exercise or emotional stress results in a rapid and dramatic increase in heart rate that, to ensure adequate diastolic filling time between beats, is accompanied by a concomitant reduction of the ventricular actionpotential duration at the cellular level and the corresponding QT interval of the electrocardiogram. Dysfunctional regulation of cardiac electrical activity in the face of SNS activity can lead to arrhythmias (1).
␤-Adrenergic receptor stimulation increases heart rate and shortens ventricular action-potential duration, the latter effect due in part to a cAMP-dependent increase in the slow outward potassium current (I Ks). Mutations in either KCNQ1 or KCNE1, the IKs subunits, are associated with variants (LQT-1 and LQT-5) of the congenital long QT syndrome. We now show that cAMP-mediated functional regulation of KCNQ1͞KCNE1 channels, a consequence of cAMPdependent protein kinase A phosphorylation of the KCNQ1 N terminus, requires coexpression of KCNQ1 with KCNE1, its auxiliary subunit. Further, at least two KCNE1 mutations linked to LQT-5 (D76N and W87R) cause functional disruption of cAMP-mediated KCNQ1͞KCNE1-channel regulation despite the response of the substrate protein (KCNQ1) to protein kinase A phosphorylation. Transduction of protein phosphorylation into physiologically necessary channel function represents a previously uncharacterized role for the KCNE1 auxiliary subunit, which can be disrupted in LQT-5.
C
ontrol of the rate and force of contraction of the heart by the autonomic nervous system, which consists of the sympathetic and parasympathetic divisions, is a fundamental property of the cardiovascular system. Stimulation of the sympathetic nervous system (SNS) in response to exercise or emotional stress results in a rapid and dramatic increase in heart rate that, to ensure adequate diastolic filling time between beats, is accompanied by a concomitant reduction of the ventricular actionpotential duration at the cellular level and the corresponding QT interval of the electrocardiogram. Dysfunctional regulation of cardiac electrical activity in the face of SNS activity can lead to arrhythmias (1) .
SNS control of cardiac electrical activity is mediated by the activation of ␤-adrenergic receptors that regulate the activity of select ion-channel proteins via cAMP-dependent protein kinase A (PKA). cAMP-dependent modulation of a slowly activating potassium-channel current, I Ks (the slow outward potassium current), increases repolarization current and is key in SNS control of the QT interval. The role of I Ks in this process is of particular interest and importance, because the genes that encode the subunit components of the I Ks channel, KCNQ1 and KCNE1 (2, 3) , have been linked to the congenital long-QT syndrome. Long-QT syndrome, a rare disease in which the QT interval of the electrocardiogram is prolonged because of dysfunctional ventricular repolarization, is associated with syncope, seizures, and sudden death (4). Mutations in KCNQ1, which codes for the ␣ subunit of the I Ks channel, cause LQT-1, and mutations in KCNE1, the gene coding for the auxiliary ␤ subunit of the I Ks channel, cause LQT-5 (5). In mutation carriers, triggers of arrhythmias are gene-specific, and carriers of mutations in either KCNQ1 or KCNE1 are at greatest risk of experiencing a fatal cardiac arrhythmia in the face of elevated SNS activity (6) . Thus unraveling the molecular links between the SNS and regulation of the KCNQ1͞KCNE1 channel has direct implications for the mechanistic basis of triggers of arrhythmias in this disorder. Furthermore, KCNQ1 is expressed with KCNE3 in the small intestine, colon, and kidney (7) and KCNE2 in stomach (8) .
Understanding a putative role of the KCNE1 subunit in cAMPdependent regulation of KCNE1͞KCNQ1 channels is of general interest to the problem of the physiological roles of these channels, and their regulation, in a wide range of tissues.
The KCNQ1͞KCNE1 channel forms a macromolecular signaling complex that is coordinated by the binding of the targeting protein Yotiao (9) to a leucine-zipper motif (10, 11) in the KCNQ1 C-terminal domain (12) . PKA and protein phosphatase 1, which bind to Yotiao, thus are recruited directly to the channel microdomain and regulate it by phosphorylation of a single N-terminal KCNQ1 residue, Ser-27 (12) . Disruption of the leucine zipper by mutation, which ablates cAMP-dependent regulation of the channel, occurs for at least one previously reported LQT-1 mutation (12, 13) . In the present study, we investigated the role of the auxiliary subunit KCNE1 in cAMPdependent regulation of the KCNQ1͞KCNE1 channel. We find that KCNQ1 phosphorylation is independent of coassembly with this subunit, but transduction of the phosphorylated channel into the physiologically essential increase in reserve channel activity requires the presence of KCNE1. We show further that LQT-5 mutations of KCNE1 can disrupt this functional regulation without interfering with cAMP-mediated phosphorylation of the channel. Thus our study reveals both a previously uncharacterized role of the KCNE1 subunit and mechanism by which signals from the brain to the heart can be uncoupled in cardiovascular disease.
tative current traces recorded by using the same protocol [2-s activation pulse to ϩ60 mV followed by a return pulse (2 s) to Ϫ40 mV] for each combination of subunits and constructs. In addition, we also show activation curves for each construct and combination measured from deactivating current tails (as above) recorded after a broad range of activating pulse voltages. The activation curves show tail-current amplitude plotted vs. activating test-pulse voltage. After rupture of the cell membrane, internal solutions without cAMP (control) or with 200 M cAMP plus 0.2 M okadaic acid (OA; Calbiochem) were dialyzed at room temperature for 13 min before measurements were made. PCLAMP 8.0 software (Axon Instruments) was used to both generate the voltage-clamp protocols and acquire data. Statistical significance was assessed with Student's t test for simple comparisons; differences at P Ͻ 0.05 were considered to be significant. Deactivating tail currents were fit with functions containing single exponential time components by using ORIGIN 6.1 (OriginLab, Northampton, MA) or PCLAMP software.
Molecular Biology. A phospho-specific antibody was raised to recognize the following phosphorylated KCNQ1 N-terminal domain sequence: (C)-GARRGpSAGL. The antibody was raised in rabbits; purification was first with the nonphosphorylated peptide and then with the phosphorylated peptide (Zymed). The antibody was tested against back-phosphorylation (14) experiments (see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org) as well as direct phosphorylation assays for KCNQ1. Specificity was determined by ELISA and Western blotting after phosphorylation with PKA. Affinity-purified phospho-specific antibody (Zymed) specifically recognized only the phosphorylated form of KCNQ1. CHO cells cultured in 50-ml f lasks were transfected with cDNAs for KCNQ1, KCNE1, and Yotiao (0.4, 0.4, and 2 g, respectively). Two days after transfection, cells were incubated with 0.3 mM 8-bromo-cAMP (Sigma) and 1 M OA at 37°C for 15 min before being harvested by mechanical scrapping. Cells then were lysed in a lysis buffer (150 mM NaCl 2 ͞1 mM EDTA͞10 mM Tris, pH 7.5͞1% Triton X-100). Cell lysates were resolved by 4 -20% SDS͞PAGE. Phosphorylated KCNQ1 channels were detected by using the rabbit anti-phospho-KCNQ1 antibody (1:250) and visualized by chemiluminescence with the ECL-plus Western blotting detection system (Amersham Pharmacia). A goat anti-KCNQ1 antibody (1:2,000, Santa Cruz Biotechnology) was used to detect total KCNQ1 channels in the lysate. Western blot images were scanned and analyzed by using Scion IMAGE BETA 4.0.2 (Scion, Frederick, MD) according to manufacturer instructions. In experiments designed to detect phosphorylation of KCNQ1 Ser-27 (pKCNQ1), intensities of images using the phospho-specific KCNQ1 antibody were normalized to those obtained with the Santa Cruz Biotechnology antibody (detecting total KCNQ1 protein) for each experiment to minimize possible effects of loading errors. The corrected signal for pKCNQ1 in the presence of cAMP͞OA was normalized to the signal for pKCNQ1 in the absence of cAMP͞OA. These ratios and number of experiments are reported in Results. 
Results
To investigate a possible role of KCNE1 in the PKA-mediated regulation of I Ks channels, we studied the effects of cAMP and the phosphatase inhibitor OA on currents expressed in CHO cells. Dialysis of patch-clamped CHO cells expressing hKCNQ1, hKCNE1, and Yotiao with cAMP (0.2 mM) and OA (0.2 M) increases the activity of KCNQ1͞KCNE1 channels. As we have reported (12) , this results in almost a 2-fold increase in channel activity that can be quantified by measuring the amplitude of deactivating current tails in the absence and presence of cAMP and OA (after ϩ60-mV conditioning pulses: ϪcAMP͞OA 40.5 Ϯ 5.3 pA͞pF, n ϭ 6; ϩcAMP͞OA 92.2 Ϯ 11.9 pA͞pF, n ϭ 11; P Ͻ 0.05) (Fig. 1A) . In addition to the effect on current amplitude, dialysis of cAMP͞OA causes a negative shift in the voltage dependence of channel activation (V 1/2 ϭ 34.9 Ϯ 1.8 mV, ϪcAMP͞OA, n ϭ 10; V 1/2 ϭ 4.1 Ϯ 4.3 mV, ϩcAMP͞OA, n ϭ 10) (Fig. 1 A; refs. 12, 15, and 16). However, in cells expressing only Yotiao and KCNQ1 without hKCNE1, there is no significant effect of intracellular cAMP and OA on KCNQ1-channel activity (after ϩ60-mV conditioning pulses: ϪcAMP͞ OA, 6.3 Ϯ 1.2 pA͞pF, n ϭ 5; ϩcAMP͞OA, 5.6 Ϯ 1.3 pA͞pF, n ϭ 7, not significant) (Fig. 1B) .
KCNE1 was not required for phosphorylation of KCNQ1 in these experiments. There was no measurable difference in phosphorylation of KCNQ1 in CHO cells transfected with KCNQ1 and Yotiao, plus or minus KCNE1, and then exposed to the membrane-permeant cAMP analog 8-bromo-cAMP (0.3 mM) plus OA (1 M). Phosphorylation of KCNQ1 was detected by immunoblot with an antibody raised against an epitope that includes phosphorylated KCNQ1 Ser-27 (Materials and Methods; Fig. 1 ) as well as by back-phosphorylation of immunoprecipitated KCNQ1 (Fig. 5) . Using image analysis of the intensity of immunoblots for KCNQ1 Ser-27 corrected for loading error by total KCNQ1 intensity (Materials and Methods), we found that exposure to cAMP ϩ OA increased KCNQ1 phosphorylation 3.1-Ϯ 0.2-fold (n ϭ 4) with KCNE1 coexpression and 2.9-Ϯ 0.2-fold (n ϭ 3) without KCNE1 coexpression. KCNE1, which does not contain PKA consensus phosphorylation sites (17) , is not a substrate for PKA phosphorylation (data not shown). Taken together, these results suggest that the transduction of PKA-dependent phosphorylation of KCNQ1 into an increase in channel activity requires the presence of the auxiliary subunit KCNE1. Fig. 2 shows that variation in KCNE1͞KCNQ1 stoichiometry can modulate the functional response of assembled channels. Dialysis of CHO cells transfected with Yotiao and fusion proteins in which one KCNE1 subunit was fused with two KCNQ1 subunits (1:2) with cAMP (0.2 mM) and OA (0.2 M) caused only a 53% increase in expressed current amplitude (after ϩ60-mV conditioning pulses: ϪcAMP͞OA, 30.5 Ϯ 4.7 pA͞pF, n ϭ 6; ϩcAMP͞OA, 50.6 Ϯ 5.2 pA͞pF, n ϭ 5; P Ͻ 0.05) (Fig.  2 A) . However, when cells were transfected with Yotiao, the same 1:2 KCNE1͞KCNQ1-KCNQ1 fusion protein plus KCNE1, cell dialysis with cAMP (0.2 mM), and OA (0.2 M) resulted in a 3-fold increase in current (after ϩ60-mV conditioning pulses: ϪcAMP͞OA, 21.7 Ϯ 2.2 pA͞pF, n ϭ 6; ϩcAMP͞OA, 76.7 Ϯ 11.3 pA͞pF, n ϭ 10; P Ͻ 0.01) (Fig. 2B) , which is not significantly different from the cAMP͞OA-induced current increase in cells independently transfected with KCNE1 and KCNQ1 (Fig. 1 A) . These results confirm the importance of KCNE1 coexpression in the functional response of KCNE1͞KCNQ1 channels to cAMP. were not significantly different. When cAMP͞OA was applied to CHO cells (gray bars), additional KCNE1 coexpression with the 1:2 fusion protein increased the mean tail-current amplitude significantly (P Ͻ 0.05, Student's t test). Number of experiments: 1:2 (without cAMP, n ϭ 6; with cAMP͞OA, n ϭ 5) and 1:2 ϩ KCNE1 (without cAMP, n ϭ 6; with cAMP͞OA, n ϭ 10).
We next altered the charge of KCNQ1 residue 27 by substitution of aspartate for serine to, in part, simulate KCNQ1 phosphorylation and determine whether functional consequences of this altered charge also required coexpression of KCNQ1 and KCNE1. A similar approach has been used to identify functional consequences of PKA-dependent regulation of Kir 6.2 channels (18). We found indeed that the S27D mutation reconstituted most functional consequences of KCNQ1 phosphorylation when coexpressed with KCNE1. It enhanced current amplitude almost 2-fold despite the absence of exogenous cAMP (after ϩ60-mV conditioning pulses: WT, 40.9 Ϯ 6.0 pA͞pF, n ϭ 18; S27D, 86.5 Ϯ 7.6 pA͞pF, n ϭ 6; P Ͻ 0.01) and caused a negative shift in channel activation of expressed current (V 1/2 ϭ 23.2 Ϯ 4.2 mV, n ϭ 6) (Fig. 3A) . However, the S27D mutation neither significantly enhanced KCNQ1-channel activity nor altered activation voltage dependence without KCNE1 coexpression (Fig. 3B) . In the absence of KCNE1, there was no significant difference between mean tail-current amplitudes (after ϩ60-mV conditioning pulses) of WT and S27D mutant channels (WT, 6.3 Ϯ 1.2 pA͞pF, n ϭ 5; S27D, 6.9 Ϯ 1.4 pA͞pF, n ϭ 5; not significant). The addition of cAMP plus OA to these cells did not significantly further alter expressed channel activity (data not shown), supporting that phosphorylation of sites other than Ser-27 is not required for PKA-mediated regulation of KCNQ1͞KCNE1 channels (12) .
These data suggest that most of the functional consequences of KCNQ1 phosphorylation are accounted for by the change in charge at residue 27 imposed by the S27D KCNQ1 mutation. Furthermore, the data indicate that physiologically relevant functional consequences of this change in charge require coexpression of KCNQ1 with the KCNE1 subunit. This result strongly suggests that PKA-dependent phosphorylation of KCNQ1 modulates channel activity via a change in charge at residue 27, and that coexpression with KCNE1 is required to transduce the altered residue to modified gating.
Because we have found that functional consequences of KCNQ1 phosphorylation require the presence of the KCNE1 subunit, we next tested for the possibility that KCNE1 mutations linked to LQT-5 might also alter functional regulation of expressed channels. We investigated the effects of two previously reported LQT-5 mutations in the KCNE1 C terminus W87R (19) and D76N (19) on both channel function and phosphorylation. Both mutants reduced basal channel activity by Ϸ50% when coexpressed with KCNQ1 in CHO cells compared with WT KCNE1 coexpressed with KCNQ1 (compare Figs. 1 and 4) , but neither mutation interfered with KCNQ1 phosphorylation (Fig.  4 A and B) . Image analysis of the intensity of immunoblots for KCNQ1 Ser-27 (Materials and Methods) revealed that cAMP ϩ OA increased KCNQ1 phosphorylation 3.9-Ϯ 1.6-fold (n ϭ 3) with W87R coexpression and 3.6-Ϯ 0.47-fold (n ϭ 3) with D76N coexpression. The W87R mutation did not inhibit the cAMPdependent increase in mean channel activity when expressed with KCNQ1 (2.7-fold increase in current tails after ϩ60 mV: control, 5.7 Ϯ 1.7 pA͞pF, n ϭ 7; cAMP͞OA, 22.7 Ϯ 5.2 pA͞pF, n ϭ 9; P Ͻ 0.05) (Fig. 4A) . However, expression of the D76N mutation with KCNQ1 eliminated cAMP-mediated enhancement (after ϩ60-mV conditioning pulses: control, 10.9 Ϯ 7.0 pA͞pF, n ϭ 7; cAMP͞OA, 12.0 Ϯ 3.0 pA͞pF, n ϭ 8; not significant) (Fig. 4B) .
Channel deactivation at Ϫ40 mV after voltage depolarization was well fit by single exponential functions (Materials and Methods). Time constants extracted from this analysis are summarized in Fig. 4C . PKA-dependent phosphorylation of KCNQ1 significantly increased the time constant of channel deactivation of KCNQ1͞KCNE1 channels as did the KCNQ1 mutant S27D when coexpressed with KCNE1 (compare open and filled bars, Fig. 4 ). Both the W87R and D76N mutations coexpressed with KCNQ1 sped channel deactivation relative to WT KCNE1͞ KCNQ1 channels (Fig. 4C, open bars) , and PKA-dependent phosphorylation [dialysis of cells with cAMP (0.2 mM) ϩ OA (0.2 M)] had no significant effect on tail kinetics (Fig. 4) . Thus, transduction of PKA-dependent phosphorylation of KCNQ1 into altered channel kinetics requires coassembly with the KCNE1 subunit, and inherited KCNE1 mutations can disrupt this key functional property.
Discussion
Regulation of the cardiac ventricular action-potential duration by the SNS is due in part to ␤-adrenergic receptor-mediated stimulation of the activity of KCNQ1͞KCNE1 channels, which provides a reserve of outward current that acts to speed the repolarization process (20) . This stimulation, a consequence of PKA phosphorylation of a single residue (Ser-27) of the KCNQ1 subunit, is coordinated by a C-terminal domain macromolecular signaling complex (12) . The importance of the KCNQ1͞KCNE1 channel and its regulation is clear, because carriers of mutations in either KCNQ1 (LQT-1) or KCNE1 (LQT-5), which reduce the activity of KCNQ1͞KCNE1 channels in general (2, 3, 5, 21, 22) , or of mutations that specifically disrupt the signaling complex (13, 23) , are at greatest risk of triggered arrhythmias in the face of increased SNS stimulation (6, 24, 25) . The arrhythmia risk most likely is due to mutation-induced imbalance in SNS control of key ion-channel targets, which include KCNQ1͞ KCNE1 channels, L-type calcium channels (20) , and the ryanodine receptor, an intracellular calcium-release channel (26) . Because it is now understood that these channels are controlled by local signaling complexes (12, 26, 27) , inherited mutations can uncouple any combination of these substrates from SNSmediated modulation.
The discovery that the KCNQ1͞KCNE1 channel is a macromolecular complex that includes the assembly of signaling molecules coordinated by the targeting protein Yotiao was a first step in unraveling roles that disease-linked mutations may have in disruption of critical signaling pathways linking the brain with the heart (12). Phosphorylation of the KCNQ1͞KCNE1 channel, mediated by the SNS, causes at least two important functional changes in channel activity: an increase in current density during and after activating depolarizing pulses and, importantly, a slowing of the deactivation of channels after the termination of activating pulses (15) . Because KCNQ1͞KCNE1 channels activate with a slow time course during depolarization (in vivo the depolarizing event is the ventricular action potential), during each action potential the accumulation of open KCNQ1͞ KCNE1 channels ultimately will be one of the key determinants of ventricular action potential, and hence QT interval, duration. SNS-mediated increase in channel activity will provide more channel activity per action potential and hence will tip the of experiments: WT (Ϫ, n ϭ 6; ϩ, n ϭ 11), S27D (WT, n ϭ 7; S27D, n ϭ 9), W87R (Ϫ, n ϭ 7; ϩ, n ϭ 9), and D76N (Ϫ, n ϭ 7; ϩ, n ϭ 8). * , P Ͻ 0.05.
balance of currents in favor of repolarization earlier than in the absence of SNS stimulation, leading to action-potential duration shortening. Additionally, because ␤-adrenergic receptor stimulation slows the deactivation of this channel activity between beats, the accumulation of open KCNQ1͞KCNE1 channels will grow faster on a beat-by-beat basis with rather than without SNS stimulation (28) .
Our data show that these functional effects of KCNQ1 phosphorylation require coexpression with WT KCNE1 subunits, and that the S27D KCNQ1 mutation mimics most of the effects of channel phosphorylation. In the absence of KCNE1, there is no significant effect of KCNQ1 phosphorylation on expressed channel activity. Notably, without coexpression of KCNE1, phosphorylation of KCNQ1 does not cause a hyperpolarization of channel activation, suggesting that KCNE1-altered gating may be a requirement to transduce the phosphorylation into modulated channel activity. Furthermore, even point mutations of KCNE1 can severely disrupt the important physiologically relevant functional consequences KCNQ1 phosphorylation as evidenced by the D76N and W87R mutations. Both the D76N and W87R mutations reduce basal current density when expressed with WT KCNQ1 subunits. This effect would be expected to reduce repolarizing current, prolong cellular action potentials, and contribute to prolonged QT intervals in mutation carriers even in the absence of SNS stimulation. However, in addition, the mutations would be expected to eliminate or reduce physiologically important reserve K ϩ -channel activity in the face of SNS stimulation. The W87R mutation speeds channeldeactivation kinetics, which then are not slowed by cAMP. Thus, the data suggest that the W87R mutation eliminates the important cAMP-dependent accumulation of channel activity that is the normal response to the SNS. The D76N mutation ablates functional regulation of the channels by cAMP. The result is an expected delay in the onset of repolarization that is more pronounced in the face of SNS stimulation. In the case of both mutations studied, our data, obtained in a mammalian cell line, suggest that mutation carriers would be expected to have inadequate reserve K ϩ -channel activity to offset SNS-mediated stimulation of L-type Ca 2ϩ channels and thus not adequately control action-potential duration in the face of elevated sympathetic tone.
The present work demonstrates the important functional role played by the KCNE1 subunit in linking SNS signaling to functional changes in a key ion channel in the human heart: the KCNQ1͞KCNE1 channel. Disease-linked mutations in KCNE1 do not uncouple the assembled channel complex from SNSderived molecular signals as do mutations of the KCNQ1 C-terminal leucine-zipper motif (12) but instead can alter, in physiologically significant manners, the functional response of the phosphorylated channel complex to these signals. The uncoupling of functional consequences of channel phosphorylation by inherited mutation of an auxiliary subunit thus is a previously uncharacterized mechanism that can contribute to risk of cardiac events in the face of SNS activity in carriers of some KCNE1 mutations. Because KCNQ1 is expressed in multiple tissues with other members of the KCNE gene family, our results also suggest that tissue-specific functional regulation of KCNQ1-channel complexes very likely could be determined by KCNE family members with which KCNQ1 associates (7, 8) .
